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The Lunar Heat Flow Experiment 
B. D. SMITH 
An instrument has been flown on the Apollo 15 mission and similar instruments 
will be flown on Apollo missions 16 and 17'to implement the study of heat flow 
from the moon through temperature and conductivity detenninations in the moon's 
subsurface. The instrument is capable of measuring large, time-varying, bidirectional 
thermal gradients with extreme resolution and stability. Ambient temperature and 
temperature gradient are determined by low-power electrical measurements on 
platinum resistance-bridge sensors mounted in two probes. Conductivity is 
determined by energizing heaters in the probes and measuring the temperature 
response of the sensors, which is a function of the conductivity of the surrounding 
. lunar soil. This paper describes the construction and operation of the instrument 
and the techniques that have been developed to achieve the required measurement 
precision. 
* Principal Investigator for the ALSEP Heat Flow Experiment is Marcus G. 
Langseth, Jr., Lamont-Doherty Geological Observatory, Columbia University, Palisades, 
New York. Coinvestigators are John Chute, Jr., Lamont-Doherty Geological Observatory, 
and Sydney P. Clark, Jr., Yale University, New Haven, Connecticut. 
Arthur D. Little, Inc., Cambridge, Massachusetts, built the heat-flow probes 
and the probe test apparatus. Gulton Industries, Albuquerque, New Mexico, built 
the heat-flow electronics. Rosemount Engineering Company, Minneapolis, Minnesota, 
produced the sensors. Aerospace Systems Division of The Bendix Corporation, Ann 
Arbor, Michigan, has overall responsibility for hardware development and integration. 
INTRODUCTION 
The flow of heat from the lunar surface, and the subsurface temperature 
fields associated with this flow, have evolved from the conditions under which 
the moon was formed as well as from accumulated thermal and structural influences, 
including those deep in the interior. The present level of surface heat flow 
may therefore place some important limits on the range of feasible lunar models. 
To determine this level, an instrument capable of making lunar subsurface measurements 
from which local heat flow can be derived was carried to the moon on the Apollo 15 
mission, and similar instruments will also be carried on Apollo missions 16 and 17. 
EXPERIMENT THEORY 
The heat-flow instrument measures the mean vertical temperature gradient 
£!/~ and the effective therma~ conductivity k of the material across which the 
measured gradient is developed. Conducted heat flow J diffuses down a temperature 
gradient in accord with the relationship between these two quantities in one 
.dimension, namely, 
(1) 
1 2 3 Predicted density ranges ' ' for heat-flow rates and soil thermal conductivities, 
with the corresponding limits of average temperature gradients, are listed in Table I. 
The average absolute temperature at any point in the subsurface (regolith) 
results from the balance between the solar heat influx and the total heat outflow 
acting through the regolith. Solar radiation power incident at the lunar surface 
varies from 1.45 kilowatts per square meter at one extreme to zero at the other. 
_Re~ultant moon surface temperatures vary from approximately 400°K at lunar noon 
__ to 1_00°K a·t lunar night, with an annual modulation of about 8°K caused by the 
elliptical orbit o"f the moon around the sun. The attenuations and phase shifts 
of these periodic variations as they propagate into the moon are determined by the 
:.diffusivity of the regolith materials. Nonperiodic variations will also occur, 
.. -
some caused by changes ·in the infrared emittance and solar absorptance of the 
surface when it is disturbed by the astronauts and some caused by heat generated 
ulll.l.LU - .:J 
during in~trument emplacement operations--hole drilling, in particular. To 
meaningfully extract the average gradient from the composite temperatures measured 
at practical. lunar measuring depths, the temperature-measuring instrument must 
have a far wider range than the gradients in Table I indicate, readings must be 
recorded frequently for more than a year, and absolute measurement accuracy must 
exceed the relative accuracy requirement for the lowest mean temperature gradient 
expected. 
Two different approaches are used in measuring lunar subsurface thermal 
conductivity by means of the heat-flow instrument. In the first approach, the 
thermal response of in situ lunar material to known heat sources is tested. In 
the second, vertical strings of temperature sensors record the characteristics.of 
the periodic propagations into the surface to determine diffusivity; with this 
diffusivity information and good estimates of soil mass density and specific 
heat, thermal conductivity can be calculated. 
The first of these approaches takes into account local inhomogeneities, and 
measurements should sample the volume of material that immediately influences 
the temperature gradient. Two variations within this approach are required to 
cover tr~ conductivity range of expected subsurface lunar materials. For soils 
with low conductivities (<Sxl0-2 watt/meter°K), a tubular heater wound 
around one of a pair of temperature sensors vertically separated by 0.5 meter is 
energized with a small amount (2 milliwatts) of. power. The rate of rise and steady-
state value of the heated sensor temperature relative to the undisturbed reference 
level is a function of the thermal coupling from the heater to the lunar material 
and the thermal conductivity of the surrounding lunar soil. The tempera-ture rise 
is inversely proportional to both thermal conductivity and absolute temperature. 
leve1. 4 Useful range is limited at higher the~al conductivitiAs by reduced 
sensitivity and the magnitude of the radiative and conductive thermal 
resistance of the coupling paths from instrument to soil. For materials such as 
-2 roc~ with conductivities greater than 2xl0 watt/meter°K, the heater is powered 
•;t -
Table I Predicted Experiment Ranges 
Temperature Gradient -·<;!_!/dz, 
Predicted Density Range 
°K/meter Heat Flow~, Thermal Conductivity 
'\vatts/ square meter watts/meter°K -
0.1 4.2 X 10-3 42 X 10-3 
1.2 25 X 10-3 2.1 X 10-3 
Table II Heat-Flow-Instrument Performance Requirements 
Measurement 
Temperature Difference across 
0.5-Meter Probe Section in 
Lowest Meter of Hole 
Ambient Temperature of Probe 
'in Lowest Meter of Hole 
Temperature of Thermocouples 
in Upper 2 Meters of Hole 
Thermal Conductivity of 
Material Surrounding Probes 
~aximum probable error. 
Range 
±2°K (high 
sensitivity) 
±20°K (lo•..i 
sensitivity) 
0.002-0.4 
wattlmeter°K 
Requirement 
a Resolution Accuracy-
0. 0005 o K (higl: 
sensitivity) 
0.005°K (low 
sensitivity) 
±20% ±20% 
Minimum 
Stability 
I 
I 
0.003°K/yearj 
l 
0.05°K/year 
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to 0.5 watt; the transient and steady-state response of the lunar medium between 
the heat source and a "remote" sensor 0.1 meter away is determined by subtracting 
the characteristically short time constant response of the intervening sensor 
support structure from the overall response. 
EXPERIMENT DESCRIPTION 
The optimum site configuration for the Lunar Heat Flow Experiment is 
depicted in Figur~ 1. Two hollow fiberglass borestems, 2.5 centimeters in diameter, 
are drilled into the lunar surface to a depth of 3 meters at a distance of 10 
meters from one another. Four sets of temperature sensors, spaced along a probe 
consisting of two flexibly joined rigid sections, occupy the bottom meter of each 
hole. The flexible joint permits the probe to be folded for transportation to 
the moon. The sensors, which are primarily radiatively coupled to the borestem 
and lunar soil, are connected electrically by 8-meter woven cables to a package 
of electronics on the surface. Each cable carries four precisely located 
thermocoup~e junctions in the borestems above the probes. The electronics unit 
is connected by a flat ribbon cable, 9 meters long, to the Apollo Lunar Surface 
Experiments Package (ALSEP) Central· Station, which formats all the data from and 
controls the operation of all the scientific-station instruments on command from 
earth. 
The heat-flow instrument returns data giving average-temperature, differential-
temperature, and low- and high-thermal-conductivity information from four locations· 
on each probe, with the thermocouples supplying readings for temperature 
determinations in the upper part of the boreholes. Instrument performance requiremen1 
for these measurements are summarized in Table II. In the normal operating mo~e, 
the heat-flow instrument gathers ambient and high- and low-sensitivity differential 
temperature data from the "gradient" sensors situated at the ends of each half-probe 
section and samples the thermocouple outputs during the 7.25-minute measurement 
sequence. Various subsequences can be selected (e.g., measurements on one probe 
only), but most of them \Wuld not normally be used. Low-conductivity experiments 
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are performed on command, with each heater activated in turn to 0.002 watt for 
about 40 hours. The normal measurement sequence is unchanged. The high-conductivity 
mode of operation requires the selection of measurements on the remote sensois in 
any half-probe section, the type of data returned alternating between high-sensitivit; 
differential and absolute temperature measurements. Either of the adjacent heaters 
at the ends of the prpbe half may be activated by command. Each heater should be 
on for about 6 hours, but this depends on the conductivity experienced. 
The experiment data, collected for a year, require detailed 
analysis--including processing through finite-difference models of the thermal 
transfer functions relating lunar soil, heaters, and sensors--before they can be 
interpreted in a geophysical context to produce a single value for the heat-flow rate 
from the moon. 
(j) PROBE AND SENSOR CONSTRUCTION 
The platinum resistance sensors used in the heat-flow-instrument probe 
contribute.significantly to the quality of the measurements obtained. This 
approach to sensor construction is not new: Siemens described a platinum resistance 
thermometer, with wire wound on a clay cylinder enclosed in a wrought-iron tube, 
at a meeting of the Royal Society of London in 1871. 5 Whereas present commercial 
thermometers have stabilities of 10 to 100 millidegrees Kelvin per year with normal 
use, 6 the lunar gradient measurements require stabilities of the order of 1 
millidegree Kelvin; these have been achieved in standards laboratories for some 
time, but with sensors that are susceptible to quite low levels of shock and 
vibration, so that much precision equipment is required to obtain accurate readings. 
Two types of platinum resistance thermometer are used in the heat-flow 
instrument, the so-called gradient sensor and the ring or remote sensor. The 
gradient sensor, tr~ construction of which is detailed in Figure 2, incorporates 
a unique method of supporting the resistance ~vire7 to reduce instability normally in--
duced by mechanical or thermal stress. Pure annealed 0.04-millimeter-diameter platint: 
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wire is mounted·, coiled in a 0. 3-mi.llimeter-d:l.ameter helix extended to 0. 07 
millimeter pitch, on a glass-insulated platinum mandrel. The base of each loop is 
arranged so that only 10 percent of the turn is embedded in the substrate. The 
mandrel and glass have the same expansion coefficients as the coil, and the 
assembly is annealed at 673°K for 15 hours before sealing. The platinum coil is 
isolated from contamination by an atmosphere of pure helium contained within a 
g.old-sealed platinum outer case. Platinum-wire coaxial leads extend through 
ceramic-insulated tubes for si~ver brazing to Evanohm and Manganin connecting wires. 
Each sensor assembly houses two separate elements, effectively bifilar wound, with 
nominal resistances of 500 ohms at 273.l6°K (0°C). 
The remote sensor, the construction of which is illustrated in Figure 3, 
consists of two 500-ohm-nominal-resistance platinum wires set in a ceramic glaze 
around a thin platinum ring. Because its intended use is in the short-term 
high-conductivity experiments, it has a less stringent stability requirement 
(0.002°K/6 hours) than the gradient sensor. Unexpectedly, however, it has 
demonstrated a long-term stability comparable to that of the gradient sensor. 
The sensors are mounted as shown in Figure 4, which illustrates the configuration 
common to the ends of all half-probe sections. The gradient assembly is epoxied 
at tr.~ mounting bushing at the sensor-lead exit end to the inside of the probe 
-
end-sheath. The small tube on the opposite end (also shown in Figure 2) is 
supported by a snugly fitting fiber::;lass hushing, which permits strain-free 
differential expansion with good mounting support. Associated with each gradient 
sensor is a 1000-ohm Karma wire heater; wound concentrically with the gradient 
sensor on the thin section of the end sheath. The-ring-sensor platinum-band is 
partially cemented internally to a filler sheath, which, in turn, is .attached to 
the outer sheath of the probe•·- A tube joins the two end pieces to form a probe 
half-section. 
The structural components providing the span between the sensors are 
manufactured from low-conductivity thin-wailed- filament-t-:ound epoxy. fiberglass •.. All 
' 
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cabling is carried through the probe body inside the ~plit inner sheath, '"hich 
is shielded \vith multilayer insulation to reduce radiative coupling between the 
wiring and probe wall, particularly during conductivity experiments with a heater on. 
The areas around the sensors are partially enclosed with guards for protection 
during handling. 
the 
A probe assembly is 1.09 meters long when unfolded at~ closely coiled extension 
the '' 
spring, which joins 1\t\vo half-sections. The complete unit is coated with a matt-black 
thermal control paint. An assembled probe, with its 8-meter 35-conductor connecting 
cable, weighs less than 0.5 kilogram. 
Gradient and ring sensors are interconnected within a probe half with 
AWG 23 Evanohm wire to form a bridge, the opposite arms of which are physically 
situated in the same sensor assembly at a common temperature. A schematic of 
this resistance bridge is shown in Figure 5 (left), where T
1 
is the temperature of 
one sensor assembly and ! 2 the temperature of the other. The gradient-sensor 
assemblies, which form one bridge, are separated by 47 centimeters; the remote-sensor 
assemblies, which form tl1e other, are located 29 centimeters apart and 9 centimeters 
from the heater windings. 
Six wires connect each bridge to the-electronics unit. Those from a lower 
half-probe are conveyed in the upper section through the hollow sensor assemblies. 
Evanohm wire is used because it has a remarkably small temperature coefficient 
of -resistance (0.00002rc), with closely controllable resistivity and a thermal 
.conductivity that is low-for an electrical conductor. 
SENSOR CHARACTERISTICS 
8,9 
In Callendar's empirical parabolic equation 
(2) 
the constant 8 defines the characteristics of an individual platinum resistance 
thermometer over the temperature range 0°C to 630°C, where!_ is temperature in 
degrees Centigrade, ~ is resislance at temperature T, R
0 
is resistance at ooc, ... -
. 
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and ~lOO is resistance at 100°C. The Callendar constant is determined by 
calibration at three fixed points: the triple point of water (O.Ol00°C), the 
' steam point of water (100°C), and the boiling point of sulfur (444.600°C). For 
use between 0°C and -183°C, a correction term devised by Van Dusen is added to 
the Ca11endar equation to give10 
where the constant S for an individual thermometer is found by calibrating at 
the boiling point of oxygen (-182.97°C). The resistance of one platinum element 
at temperature ! relative to its resistance at 0°C may therefore be expressed 
S[(T/100)-1](!/100) 3} 
(4) 
Referring to Figure 5, we can write 
,. 
Jro/JE = (ElB4-E2B3)/[(gl+R3)(~2+~)] - -
where ].
1
, ~2 , g_3, and B:4 are Wheatstone bridge arm resistances, YE is the 
(5) 
excitation voltage across the hridge, and v0 is the output voltage. Combining 
equations (4) and (5) and eliminating small terms, we obtain the following simplified 
expression, 
<Yoi.YE)~ = Al + !:.2'£ + A3!2 + ~4A'£.. + ~-sA!(A!+2I) 
- - + !
6
[t.T(4!3-300T2)+t.T2(6t2-3001)+At3(4T-100)+AT4] 
where ~ is total bridge resistance, 1: is the temperature of one sensor assembly 
expressed in degrees Centigrade, AT is the temperature differential between sensor -
assemblies in degrees Centigrade, and A1, ~2 , A3, ~4 , ! 5 , and ~6 are constants. 
Similarly, bridge resistance -~ can be related to temperature I. and temperature 
differential A]: by the simplified expression 
Smith - 9 
(7) 
where ]
1
, _!! 2 , _!! 3 , _!> 4 , _!) 5, and _!1 6 are constants. Equations (6) and (7) are 
transcendental in T and 6T. To find absolute and differential temperatures, an 
iterative simultaneous solution of both calibration equations is required. 
THE ELECI'RONIC MEASUREMENT SYSTEM 
System Operation 
It can be seen from equations (6) and (7) that the electrical measurements 
required to solve for 1 and 6! are total bridge resistance~ (measured as a 
single element), excitation voltage ~E' and differential output voltage ~0 • The 
system by which these measurements are made is represented in the simplified block 
diagram in Figure 5, which incorporates the essential features of the bridge 
measurement method, though it includes only one of the eight probe bridges and 
omits thermocouple circuits, power supplies, and the bulk of the logic and control 
circuits. 
Each of the bridges is selected through reed relays for excitation by direct 
current. rhe bridges produce a differential output-to-input voltage ratio ~Q/~E 
of approximately !5.8xl0-3 for a dynamic range of ±2°K. With 8 volts applied to 
the bridge excitation cables, the data-chain maximum input requirement is set at 
±34 millivolts. The gradient-bridge low-sensitivity range of ±20°K requires 0.8 
volt excitation for a similar output maximum. Measurements· for total bridge 
resistance are made at the 8-volt supply level. Excitation voltage_yE is reduced 
to the maximum level of the output voltage by an attenuator in the excitation sense· 
circuit. The series elements of the attenuator include a cable resistance that does 
fluctuate slightly with the large surface-temperature variations, but the proportion 
of cable resistance in the temperature-matched attenuator is small, and very high 
attenuation-ratio stability is achieved. The output impedance is arranged to be 
the same as the bridge differential output impedance. At the lm.,r-sensitivity 
f 
excitation level of 0.8 volt, the att~nuator outputy~ 
.. 
is one-tenth the maximum 
bridge unbalance voltage YQ at ±20°K temperature extremes. To effectively normalize 
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these readings and at the same time avoid attenuator s\.Jitching or gain changes, 
excitation current lE is sensed. This current is combined with the total bridge 
resistance value, determined from readings at 8 volts excitation made within a 
short time of the current measurement, to calculate the low-level-excitation supply 
voltage. Low-sensitivity current is found from the potential difference ~L 
developed across a precision 18+2-ohm resistance in the supply line; high-sensitivity 
current is found from the potential difference ~T across .the 2-ohm resistor only. 
The latter value is used with the attenuated bridge-excitation-voltage measurement 
to determine total bridge resistance~· Differential output voltages are read 
directly. 
These various measurements are presented sequentially through a low-level 
field-effect-transistor (FET) multiplexer to the input of the common signal 
amplifier, which has a gain of 288 and full-scale output of ±10 volts. The amplif~ed 
signal is converted to a 13-bit digital number and clocked into a shift register 
along with a 7-bit mode-identification and binary-measurement code. The resulting 
20-bit number is serially shifted into the ALSEP Central Station for insertion as 
two 10-bit words into the ALSEP data stream for transmission to earth. Upon 
receipt here, the binary numbers are converted back to the sensor temperatures 
from which they originated by applying the calibration factors for each bridge or 
thermocouple and each measuring channel. 
Elimination of Error Sources 
The various sources of error to which the reconverted temperature values 
may be subject are outlined in Table III.-
Errors due to long-term system gain and offset instability are circumvented 
by a scheme that paradoxically amounts to a calibration of each measuring channel 
by the unknown signal being measured. A ratio technique is used, which successfully . 
eliminates system gain and offset as factors in the reconstitution-of-the original 
bridge ratio,. depending only on their stability during the brief measurement·-
Table III Sources of Error in Experiment Data 
Platinum-Bridge Error Sources 
• initial calibration accuracy 
element stability with age 
• dissimilar-metal EHF's at sense-wire 
Measurement-System Error Sources 
• initial calibration of electronics 
• system noise 
• spurious ENF's in multiplexer 
excitation voltage 
stability 
sense-attenuation stability 
bridge heating 
amplifier 
conunon-mode rejection 
gain and offset stability 
linearity 
settling time 
analog-to-digital converter 
linearity 
reference-voltage stability 
quantizing magnitude 
Data-Processing Error Sources 
truncation errors 
connections 
iterative solution accuracy of bridge equations 
period. All me~surements are made twice, at two different levels. To utilize 
the full system range and obtain maximum resolution, it is convenient for each 
bridge input and output measurement to be made at reversed polarity, with equal 
bipolar excitation levels. The bridge is pulsed twice in 2.4 seconds for 2.6 
milliseconds at a maximum duty cycle (0.2xl0-3), which limits self-heating to an 
acceptable 0.1 micrm·latt; two measurements are made during each excitation pulse. 
The sequence outlined in Figure 6 for a high~sensitivity differential measurement 
is typical of all measurements. Power is applied to the bridge from the 
excitation-pulse supply at bipolar 4-volt levels, giving a positive 8-volt total 
excitation. After 1 millisecond to allow t~e system to settle, the attenuator 
output 1~+ corresponding to excitation level~E+ is converted to a digital number E1. 
+ Output voltage_y0 is then selected for measurement, and, after a 2.3-millisecond 
positive pulse duration, _y
0
+ conversion to ]
2 
is executed. The entire process is 
repeated 2.4 seconds from the start of the sequence, with the pulse-excitation 
supply output reversed to -8 volts; during application of this negative pulse, 
_y]!,- and_YQ- are converted to digital numbers _N 3 and !J4, respectively. 
If we allow ~to represent amplifier and analog-to-digital-converter gain 
and E to represent amplifier and analog-to-digital-converter offset, then 
where ~O is the output-sense-line offset and e1 is the excitation-sense-line offset. 
Since the temperature of a bridge in the lunar regolith will not change d·uring the 
2.4-second measurement period, 
J.g + I:Ij~ = :!.o-/Y~- = c 
where C is a constant regardless of the excitation magnitudes of :IE+ and Y._~ • 
Rearranging equation (9), we obtain 
(9) 
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(10) 
Combining equations (8) and (10), we obtain finally 
(11) 
where y0+;y~+ is the ratio between measured bridge signals, independent of gain 
and offset. The required bridge ratio_y0 /JE is obtained by applying the 
excitation-sense measurement attenuation factor.~, the accuracy and stability· 
of which clearly does affect the resu:t. Since Z = y~/J.E' 
Y.o 1JE = Yo/zv~ 
- -
Other Design Features 
The use of excitation-polarity reversal, with one data converter for all 
measurements, eliminates some major sources of error and obviates the need for 
separate periodic calibrations on the moon and additional circuitry with which to 
perform them. Nevertheless, numerous sources of error remain. It is therefore 
·pertinent to summarize here the more significant features of the principal components 
of the data ch~in, which account for a multiple-measurement demonstrated accuracy 
of better than 0.02-percent-full-scale probable error over a temperature range of 
The pulsed-power supply produces .4.000-volt±l-millivolt bipolar pulses, which 
are stable to within 0.002 percent during bridge excitation and output measurements. 
The supply operates from positive and negative reference levels, derived from 
constant-current-driv.en loiv-temperature-coefficient zener diodes·, which are switched 
by the control logic for p;sitive and negative.bridge excitation outputs from 
two series-connected operational amplifiers, each having a push/pull output stage 
to supply the 20-rilliampere bridge current. 
The multiplexer for the heat-flow instrument is a double-tiered N-channcl 
:fi~~d-effect-transistor (FET) commutator, with 32 differential input pairs. It 
is divided into four sections, two corresponding to gradient-sensor boreholes 1 and 
Smith -· 13 
2 and two to the remote sensors and the thermocouples, -respectively. Each FET 
section is powered only when necessary to restrict the effects of a single-channel 
failure. Field-effect-transistor temperature-derendent offset voltages and 
mismatched differential impedances, which act with circuit impedances and amplifier 
bias currents to introduce variable offset voltages for each channel and different 
offsets between channels, are cancelled by the measurement-ratio technique 
previously described. 
The most basic design trade-offs in analog-to-digital converter design are 
speed and accuracy. Neither is of great consequence in this application, where 
extreme linearity, stability, and sensitivity are the only critical requirements. 
Digital conversion of the amplified sensor signals is achieved by 13-bit successive 
approximation to the sum of a generated +10.000-volt±l-millivolt offset supply 
and the ±10-volt full-scale output from the data amplifier. The offset binary 
number produced is linear to within 0.0075 percent full scale, with a 
resolution of 2.4414 millivolts per bit. Conversion speed is 20 microseconds per 
bit. The device is a conventional successive-approximation analog-to-digital 
converter, witl:. the two most signiffcant bits of the ladder network trimmed to 
remove errors due to voltage drops across the switches. 
The signals are amplified by a dif~erential-input single-ended-output two-stage 
amplifier, with differential and common-mode impedances exceeding 50 and 20 megohms, 
respectively,at frequencies below 5 kilohertz. The common-mode rejection ratio is 
greater than 120 decibels over the same frequency range. The characteristics most·· 
important to the ratio technique are linearity, which is within 0.005 percent 
full scale, and short-term stability, which is better than 0.001 percent for 5 
seconds at a maximum rate of temperature change of O.Ol°C per second; The 
common-mode rejection ratio becomes important when bridge current is sensed at 
8-volt excitation levels. 
Constant-current sources are supplied to each base of the differential input 
pair to compensate for the bias current required by the matched semiconductors. 
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but the more usual constant-current-source common-emitter supply is replaced with 
a variable current source that maintains the combined collector currents constant. 
The different'ial output from the collectors connects to an operational amplifier, the 
output of which feeds back to the emitters of the input stage to force the total 
of the collector currents to divide equally between the two halves of the 
differential pair. Stable operating points are thus established independently of 
common-mode inputs over a wide temperature range. The first-stage gain is 100. 
After filtering, the signal is applied to the input of the second-stage amplifier, 
which normally operates with a gain of 2.88. The total amplifier gain of 288 
is used for all bridge measurements. 
±10 millivolts rather than 
Thermocouple measurements require an input range ofl\±34 millivolts. During 
thermocouple sequences, therefore, the second-stage gain is changed from 2.88 to 10 
by switching a field-effect transistor to introduce a potential divider in the 
feedback path of the second stage. 
THERMOCOUPLE MEASUREMENTS 
Eight constantan and two chromel wires from the thermocouple junctions 
in the p~obe cables connect to Kovar leads at an isothermal block inside the 
electronics package. The Kovar leads convey the thermocouple voltages to the 
-
multiplexer. The isothermal block also contains a platinum/Evanohm bridge 
thermometer with two co~stant-valu~- re~istance arms. A schematic representing one 
probe-cable set of thermocouple junctions and the ~eference-temperature bridge 
is-presented in Figure 7. 
Thermocouple measurements of absolute temperature have an inherent a~curacy 
an order of magnitude lower than platinum resistance measurements, in part because 
of thermocouple instability but primarily because of difficulties in measuring 
- -
low-level voltage sources. Since the ratio technique is not applicable to thermo-
couple measurements, a calibration method is used to establish system gain and 
offsct·d~~in~-~he ~easur~ment ;equence·to find the.isotherfual bl~ck te~perature 
with the bridge thermometer. 
"Kovar 
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Heasurements on the reference-temperature bridge follow the same pattern 
as those on the probe bridges, except that the amplitude of excitation is 
attenuated ·to give a ±10-millivolt full-scale output, which is the range of the 
thermocouple voltages. An amplifier nominal gain of 1000 is selected for 
reference-bridge and thermocouple measurements. To find system gain and error offset 
values, it is assumed that the attenuated positive and negative bridge-excitati<;m 
voltages v are of known, equal, and opposite magnitudes since they are derived 
-e 
from the precisely controlled pulsed-pm..rer supply and are connected to the bridge 
by short leads within the electronics package. 
The full-scale 13-bit binary output count is 0 to 8192, which corresponds to 
an offset amplified signal range of 0 to 20 volts. Conversion of the measured 
excitation signals '2e+ and :;::e to the binary numbers ] 1 and ] 3 
is accomplished 
using the relationships 
and 
:> 
where~off is error offset voltage referred to the amplifier input, G is system 
gain, and~ is digit resolution (2.4414 millivolts). When·the offset voltages 
cancel, gain is found from the relationship 
To find the error offset voltage ~off' the offset binary outputs Bl and·B
3 
are 
converted to positive and negative numbers by subtracting offset count 4096. ~f 
~i = (li1 - 4096) and ~3 = (N3 - 4096), then !off= ~<Bi + B3)/2. 
The use of know\ balanced inputs in the reference-bridge measuring sequence 
thus establishes system gain and offset while also providing bridge output signals. 
The measured outputs are converted through electronics calibration data, and the 
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bridge voltage ratio is then used to solve iterat:i.vely a third-order calibration 
equation for reference-bridge temperature and hence for isothermal-block and 
reference-the1~ocouple temperature. Measurements of thermocouple voltages made 
shortly thereafter (in the sequence B_
1
, ~2 , ] 3 , and ~4 as shown on the Figure 7 
schematic) are processed, using calculated gain and offset values, to arrive at 
true thermocouple voltage outputs. 
The output from the chromel/constantan reference junction in the isothermal 
block is measured relative to only one of the jtmctions in the cable--that inside 
the hollow of the gradient sensor at the top of the probe. The remaining three 
junctions in each probe cable are also measured relative to this top junction. 
The double-referencing arrangement is designed to center the mean of the 
thermocouple-output extremes as close to 0 volts as possible for maximum measurement 
resolution. The predicted temperature range for the thermocouple junction at the 
top of the probe is 200°K to 260°K; the full-scale thermocouple range is 90°K 
to 350°K, and the isothermal-block temperature is controlled to between 278°K 
The voltage/temperature characteristics of the thermocouples are described 
::> 
by calibration correction factors applied to standard tables of the National 
Bureau of Standards (NBS).
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PACKAGE CONSTRUCTION AND THERMAL CONTROL 
The heat-flow instrument ope.rate.s from a 29-volt d. c. supply and requires 
data-interlace and mode-control signals from the ALSEP Central Station. The unit 
is otherwise self-contained with respect to logic and power management for all 
the sensor measurements and for probe-heater control. A description of the 
ancillary circuits is beyond the scope of this paper. 
In the deployed configuration, a ribbon cable made up of 40 flat copper 
conductors in a plastic film extends from the instrument package across 9 meters 
of the lunar surface to the ALSEP Central Station. This cable is connected to 
an astrom:1te co.uwctor, \-Jhich the astronaut mates with the Central Station outlet 
o::>m~r:n - .l/ 
for power to and communication with the heat-flow instrument. 
There are also two probe cables;'-2each made up of 35 unshielded conductors, 
interwoven for a uniform stress distribution so that the weight of the astronaut 
can be supported without degradation in cable performance. These cables are very 
flexible, exhibiting little residual torque when extended, and they are covered 
with a woven Teflon sleeve to provide a low coefficient of friction during 
deployment. Heat leaks from the cables on the lunar surface to the probes and 
the electronics package are small since the conductors are made from low-thermal-
conductivity wire. 
The complete surface package, shown in Figure 8, weighs 7.0 pounds (3.2 kilograms) 
and is 9. 5xl0. Oxll. 0 inches (24x25x28 centimeters) in size, including the feet. 
The astromate connector, ribbon cable, and spool weigh 1.4 pounds (0.6 kilogram). 
Electronics Package 
The electronics package, shown in Figure 9, is made up of five multilayer 
printed-circuit boards, joined in a stack by interlocking spacers bonded to each 
.board. The stack is 2.5x7.6x5.6 inches (6xl9xl4 centimeters) in size, the boards 
consisting of t•p to twelve layers 0. 004 inch (0.1 millimeter) thick. The layers 
of circuit tracks are interconnected through plated holes in the composite board, 
and as many as 210 component subpackag~s may be mounted on one board. The 
components are in physical contact with a heavy printed-circuit conductor, which 
forms a heat path to the interlocking spacers. Column screws pass through the 
spacers to a metal plate, which serves both as a thermal control plate and as a 
support for the board stack. A d.c./d.c. converter for the instrument power supplies 
is packaged on a board that is bonded to the thermal control plate. Heating 
elements are also mounted in good thermal contact with the plate. A short length 
of Nanganin cable ~at left in Figure 9) provides thermal insulation from the 
copper conductors in the ribbon cable. Bonded to the thermal control plate at 
the other side of the unit is a 70-pin isothermal connector to which the two 
probe cables are soldered. When the unit is assembled, the board stack is 
. /. 
/ 
\ 
/ 
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- 18· 
enclosed by a metal cover with a compressible, electrically conducting gasket 
to provide a barrier to electromagnetic interference. 
The electronics unit weights 3. 3 pounds (1. 5 kilograms). 
Thermal Control Design 
A thermal insulation bag, shaped as a container for the metal cover surrounding 
the board stack, is hooked by velcro pads to a low-thermal-conductivity mounting 
ring fitted around the inside edge of the thermal plate. The bag is constructed 
of twelve layers of closely spaced high-reflectivity shields having very low 
transverse conductivity; bridal-silk netting separates the layers and covers the 
inside and outside of the.hag. The infrared emissivity of the 1/4-mil aluminized 
Mylar used for the shields is approximately 0.02. 
The electronics assembly is supported and protected by a thin fiberglass 
outer case, which is connected to the mounting ring by low-conductivity joints. 
When the unit is standing on the feet on this outer case, the well-insulated 
electronics·compartment is situated beneath the exposed thermal control plate. 
Internally generated heat is conducted to the plate and radiated from a spectrally 
selective surface coating (S-13G) having a high infrared emittance (~IR= 0.9) and a 
low absorptance (a. = 0. 2) at frequencies where solar pmver is most intense. s -
This simple thermal control arrangement could not modify. the extreme heat of 
solar radiation or the extreme cold of deep space in the tenuous atmosphere of the 
moon to the required electronics-temperature operating range of 278°K to 328°K 
without using excessive power during lunar night or permitting the upper limit 
to be exeeded during lunar day. The thermal plate is therefore protected from 
direct solar radiation by a sunshield fitted over the assembly as shown in.Figure 8. 
The sunshield is an insulated box with one open. side, which is placed to face 
away from the equ<t·;. ·ith its edge aligned in the east/west direction. The 
numbered marks on the sunshield are used as a shadowgraph with· the shadow· cast 
by the universal. h~n~Uing. t~ol, whlch flts. in~o -the· cet1ter sock-~t:. A. specular 
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reflector slopes from the top edge of the sunshield at an angle 57 degrees from 
vertical to almost touch the thermal plate. The reflector increases the view of 
the thermal radiator plate to the near-absolute-zero temperature of space and 
minimizes the lunar-surface-radiation reflections that reach the thermal plate from 
the exposed inside surfaces of the enclosure. The side curtains adjoining the 
sloping reflector are also specular surfaces. The reflecting mirrors are produced 
by thinly depositing aluminum onto polished fiberglass by a vacuum process. The 
back of the reflector and the thermal control plate inside the sunshield are 
heavily blanketed with aluminized Myl.1r, layered in the same way as in the thermal 
bag. The concealed interior surfaces of the sunshield are also vacuum-metalized 
to reduce radiant interchange of infrared energy inside. The exterior surfaces 
of the entire package are covered with S-13G thermal control coating. 
A mask of multilayer insulation is attached to the edge of the thermal plate 
to nrevent direct sunlight from reaching it in the event of moderate misalignment 
from an east/west line or instrument-leveling error. To aid in leveling in the 
stark lighting on the moon, the bubble level situated at one corner on a recessed 
platform is illuminated by reflection of sunlight from the vertical wall of the 
step. 
The thermal control design for the heat-flow experiment is dictated largely 
by the power dissipation of the unit at lunar noon. The average dissipation is 
minimized by gating off as many circuits as possible when they are not required 
for measurements. During power gating, the average operational power dissipation .. 
is 3.9 watts. The power-sharing mode is set to switch in when thermal-plate 
temperatures exceed 300°K. During lunar night, when the electronics temperature 
falls below 290°K, additional power is dissipated by the heaters on the thermal 
control plate. The total power demanded by the instrument at lunar night is 
10.5 watts. Should the 29-volt operational supply be switched off under abnormal 
circumstances, a separate survival line can be activated to a part of the 
thermal··p1ate heater for a pmver dissipation of 4 watts. 
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The thermal control system is designed for instrument deployments between 
lunar latitudes of ±45 degrees. 
CALIBRATION AND TESTING 
To ensure that the heat-flow instrument will meet its performance requirements, 
the calibration and test program is extensive and thorough. Indeed, a substantial 
-part of the large array of calibration and test apparatus used was developed 
specifically for this purpose. The sensors, probes, and electronics are subjected 
to worst-case mission environments and calibrated as subunits before assembly as 
flight instruments. The subassembly calibrations are verified by tests on the 
complete unit, which then undergDes a further series of tests closely simulating 
all the conditions anticipated for travel to and operation on the moon. The 
stability of the instrument following exposure to such critical, environments 
as system vibration is carefully checked. Periodic long-term stability checks 
continue to be performed following deployment. 
The Sensors 
The platinum resistance thermometers are calibrated as a bridge by a comparison 
method. Each sensor can is immersed, along with a standard thermometer, in an 
isothermal bath of trichloroethylene. The baths have separate temperature controls 
so that temperatures can be independently set for each thermometer of the 
differential bridge. The standard thermometers are interchanged for several 
measurements to determine offset. The degree Kelvin is established from NBS-cali"b_rate' 
standard thermometers; intercomparisons of these standards indicates that accuracies 
afforded by this method approach those afforded by absolute fixed-point calibration. 
Secondary absolute-value resistance standards of 1000 ohms, referred to an NBS 
standard, are maintained as a reference for the electrical measurements. 
To check for random errors, each gradient bridge is calibrated at 42 points, 
which are least-squares fitted to equations (6) and (7) to yield the 12 constants 
in these equations. The standard deviation of the least-squares fit to the data 
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points in equation (6) does not exceed 0.48xl0-3°K for any of the sensor assemblies 
tested, and more than 60 such assemblies have been produced. _The gradient bridges 
are calibrated at differential temperatures of +20 , +10 , +2 , 0 , ~1 , -2 , -10. , 
and -20°K at absolute teJ'l',..•eratures of 200 , 212.5 , 225 , 237.5 , and 250°K. The 
equivalent differential-temperature drift of some randomly selected gradient sensors 
-3 tested periodically oyer a 3-year period is approximately 0.3xl0 °K. The averag~ 
absolute temperature drift for individual sensor .elements over the same 3-year 
-3 period has been found to be 0.5xl0 °K. 
The ring sensors are calibrated at a minimum of 14 points to calculate 12 
calibration constants. 
Thermal-plate reference-temperature bridges in the electronics package are 
calibrated at -20 , 0 , +25 , +50 , and +90°C to yield the constants ji1 , 2S2 , _153 , 
and~ in the relationship 
where .1], is the reference-bridge temperature and Ys/:IE is the bridge voltage ratio. 
During reference-bridge calibration at 0°C, all eight cable thermocouple junctions 
are immersed in an isothermal bath for calibration at 90 , 200 , 250 , and 350°K. 
The Electronics 
Testing of the electronics data chain involves adjustment by resistance-value 
selection for zero offset, common-mode rejection, and gain. A calibration factor 
is found for each measuring channel by calibrating the channel as it will be used--
i.e., by performing ratio measurements. A set of resistance networks, calibrated 
to an accuracy of 0.002 percent, substitute for bridge and line resistances to 
simulate high-sensitivity and low-sensitivity ratios and bridge resistance. The 
various types of mc3suremcnt are made through separate channels. Calibration is 
performed at nine different differential-ratio amplitudes and five levels of 
bridge resistance, and at least ten measurements are made for each of the input 
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ratios. The mean~ and standard deviation o of the output ratios for a constant 
input are calculated, and a linear calibration factor is found from the mean 
values corresponding to ratios near the limits of channel range (n = 1 and n = 9 - ~ 
in Figure 10). The ideal transfer function of the channel is the calibration factor. 
The error at any point n is the sum of the standard deviation o(~ and the 
difference between the ideal output R1 (EQ and the mean output~(~). To verify 
system linearity, these measurements are made at temperature intervals throughout 
the operating range of the heat-flow instrument. A maximum error of 0.0375 
percent full scale is specified, but the typical maximum for instruments tested 
to date is 0.02 percent. Calibration factors are modified for the actual bridge-
lead resistances. Thermocouple channel accuracy is also checked by multiple 
measurements at nine points throughout the ±10 millivolt input range. 
The Probes 
Assembled probes are characterized over ambient- and differential-temperature 
operating ranges in a temperature-gradient apparatus or gr?dient chamber, which 
has an overall height of 11 feet (3.4 meters) and a diameter of 2 feet (0.6 meter). 
Its principal element is a gradient tube 2.5 centimeters in internal diameter, in 
which a positive or negative temperature field can be developed. A liquid-nitrogen 
bath surrounds the gradient-tube assembly to provide a constant-temperature heat 
sink for heat introduced in developing average and linear differential temperatures. 
A double-vacuum shell minimizes heat leaks and permits the probe to be inserte~: 
without unduly disturbing the thermal equilibrium. Thermocouples and thermopiles 
in the gradient tuhe, along with associated readout instrumentation, provide 
temperature measurements to accuracies that approximate those of the heat-flow 
instrument. Probe-measured differential temperature is compared with apparatus-
measured differenti.al temperature in the form of a 11 shortine" ratio, which is 
Bridge. 
Input 
Ratio· 
Ideal Transfer· 
Function of Channel 
Actual Transfer . 
Function of Channel 
m (n) 
Bridge Output Ratio 
·iii is the mean of the output 
distribution (assumed Gaussian}. 
a is standard deviation 
R1 is idealized output ratio 
(n) is a point of constant input ratio: 
o(9) 
Nz-N4 
N1-N3 
Channel Error; (R,(n) ... ffi(n)}+ o(n) 
i ' 
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approximately a linear function of the absolute temperature along the gradient 
since the probes are rad:i.atively coupled to the gradient tube. This shorting ratio 
varies from bridge to bridge, depending on small differences in probe construction. 
The probes are tested at mean ambient temperatures of 205 , 225 , and 245°K, with 
linear gradients of 0 , 2 , and l8°K across each probe half-section.- At least 
five tests are performed with each flight-instrument probe, including two in which 
the probe is integrated with the electronics. Gradient-chamber tests at 0°K 
check the zero offset of the gradient bridges and determine the offset values for 
the ring bridges, the cables of whict are shortened during probe assembly. Each 
of the probe heaters is turned on at the 0.002-watt level by the electronics to 
characterize the "low-conductivity" performance of the probe in an infinitely 
conducting environment, which the gradient-tube apparatus represents since it is 
an almost perfect heat sink. 
Thermal conductivity testing is also performed in an apparatus that simulates 
the properties of the lunar regolith. In essence, this thermal conductivity test 
apparatus is a 10.5- by 3-foot (3.2- by 0.9-meter) Dewar flask, with inner-vessel-
wall cooling to the temperature range 200°K to 250°K. A probe boretube extends 
into a bed of glass microbeads in the inner container. The outer cavity and the 
boretube are evacuated, and the thermal conductivity of the glass-bead bed is 
varied over the anticipated lunar raDge by controlling the gas-filling pressure. 
Two such thermal conductivity test units have been constructed to permit the 
simultaneous testing of the two probes of a heat-flow instrument. 
The Heat-Flow Instrument 
For functional test1ng of the probes and the heat-flow instrument as a whole, 
thermal simulators are used to provide a stable temperature environment for 
the probes in the lunar-temperature operating range. Each 
simulator is an insulated container 8 feet (2.5 meters) deep, filled with solid 
carbon dioxide and ethanol,' in which a heavy-metal double boretube is vertically 
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situated. The ethanol fluid stabilizes at the temperature of the subliming dry 
ice that it surrounds. S:i.nce the temperature of sublimation is a function of 
pressure, the fluid temperature increases with depth to impose a gradient along 
the boretubes. Thermocouples and thermopiles within the metal block measure the 
temperature profile along the tubes. The laboratory thermal-simulator apparatus 
has a compartment for.the electronics package so that the whole instrument can 
be operated in a vacuum. When inserted into the boreholes, the two probes of 
the instrument are in a similar, uncontrolled but slowly changing temperature 
field, and comparisons can be made of processed measurements on the probe bridges 
at given heights in the bath. 
A similar simulator has been built into a 27- by 20-foot (8.3- by 6.2-meter) 
thermal vacuum chamber. During ALSEP system testing, the heat-flow electronics 
·package is deployed inside the main chamber, with the probes situated in the 
stabilized thermal-simulator boreholes. The entire ALSEP system, including the 
heat-flow instrument, is exposed to the temperature conditions of lunar dawn, 
-8 lunar noon, and lunar night in a vacuum of 5xl0 Torr. Cold space is simulated 
in the chamber by pumping liquid nitrogen under pressure through black, optically 
tight panels. TI1e sun is simulated by carbon arc lamps, and dust degradation on 
instrument surfaces is simulated by additional infrared radiation. 
Table IV presents a comparison of thermal-simulator temperature measurements 
made in a changing temperature environment by the heat-flow-instrument probes and 
electronics package during simulated lunar-night testing of the Apollo 16 ALSEP 
system. Both the means of the differences between the temperatures measured by 
adjacent bridges, corrected for bridge shorting ratio, and the standard deviations 
from the means are tabulated. The very 'small differences noted may have been 
caused by differences in the transient responses of the two probes, by different 
probe responses to nonlinear gradients, or by slightly different temperature fields, 
the result either of inherent differences between the apparatus boreholes or of 
different times of measurement. Outside of these factors, the probe-measurement 
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Table IV Apollo 16 Heat-Flow-Instrument Test Results in Luna1:...Night Environment!! 
Upper Lower Upper Lower 
Sensor Data Gradient Gradient Remote Remote 
Bridge Bridge Bridge Bridge 
(OK) (oK) (oK) C.l:O 
Absolute Temperature, Hean Difference~ -0.002 -0.020 -0.028 -0.036 
Absolute Temperature, Standard Deviation£ 0.016 0.037 0.034 0.032 
High-Sensitivity Temperature Difference, 0.001 -0.001 0.003 0.002 
Mean Differencel.? 
High-Sensitivity Temperature Difference, 0.0002 0.0002 0.0021 0.0010 
Standard Deviation~ 
Low-Sensitivity Temperature Difference, 0.001 -0.003 
Mean Difference~ 
Low-Sensitivity Temperature Difference, 0.002 0.002 
Standard Deviation~ 
Cycles 8 8 10 10 
Thermocouple Data Probe Probe Probe Probe 
(9 Cycles) 1 2 3 4 
(oK) (oK) (oK) (oK) 
Thermocouple Temperature, He an Difference!?.. -0.073 1.946 -2.928 0.343 
. 
Thermocouple Temperature, 0.190 0.193 0.220 0.193 
Standard Deviation£. 
~est performed on 26 July 1971. 
~ean difference in readings of two opposed bridges. 
~tandard deviation of difference in readings of two opposed bridges about the 
mean difference. 
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differences reflect the consistency of total instrument calibration, stability, 
and signal processing. 
The low..,sensitivity measurements on the upper gradient bridges illustrate an 
effect of data averaging that is generally seen in heat-flow-instrument test 
results. Although resolution in the ±20°K range is ten times less than in the 
high-sensitivity rang~, a fact reflected by the standard deviations, the averages 
are about the same in the two ranges, The number of measurements that do not 
follow this pattern decreases as the number of data cycles increases. Thus, 
system resolution is effectively increased by multiple-measurement averaging 
in both the low and the high sensitivity ranges. Use of this technique results 
in an effective resolution better than that obtained from analog-to-digital-conversion 
quantization. 
During the simulated lunar-night test in which these results were obtained, 
the probe cables were lying in an uncontrolled temperature zone. There is little 
value, therefore, in comparing the thermocouple readings of probes 2, 3, and 4. 
However, the mean of the measurement differences for the thermocouple situated at 
the top of the probes (0.073°K) relative to the single-measurement resolution of 
O.l7°K a6ain demonstrates the data-averaging effect. The readings also provide 
a good comparative check of the thermocouples. 
INSTRUMENT PACKAGING 
All the components of the heat-flow instrument that will be placed on the moon 
during the Apollo 16 mission are pictured in Figure 11. These include a packing 
container for the probes and an emplacement tool to be used by the astropaut to 
insert the probes into the borcsteros. Overall package design is strongly influ~nced 
by the requirement for deployability by a suited astronaut, as evidenced by the 
various pull rings) handles, and carry straps seen in the photograph. 
The probes are folded, with t\.JO molded packing pieces secured by nylon cloth 
and velcro pads holding the sections slightly apart. 1bey are stored for 
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transportation in thin, aluminum dual containers, which are carried to separate 
deployment sites on the lunar surface, each with one probe inside. The probes 
are held within the containers in nylon bags by soft foam bulkheads, so spaced 
along the folded probe as to suppress the first free-bending mode of the probe. 
Damping is effected by the hysteresis in the foam walls of the polyurethane foam 
supports. The cables.are coiled around the inside of the probe containers in troughs 
formed by an inner wall on each side. 
Half of each probe container has provision for stowing the collapsed emplacement 
tool--four telescoping fiberglass tubes that lock when extended to give a tool 
length of 224 centimeters. A slotted piece of fiberglass at the end of the smallest-
diameter tube fits over the probe cable to implement probe deployment. The tool 
is white, with alphanumeric markings at 2-centimeter intervals and a bright orange 
band to indicate the depth to which the probe should be pushed. 
The two probe containers fit together to form a single package, which is 
covered with white thermal-control paint and.secured by velcro straps with pull 
rings. A complete probe-container assembly is 3.4x4.5x25.5 inches (8.6x11.4x 
centimeters) in size, excluding handles, and weighs 3.5 pounds (1.6 kilograms). 
Carr~ed to the moon in an equipment bay of the Lunar Module, the heat-flow 
instrument is mounted via quick-release fasteners to a subpallet, which stands 
vertically on a pallet as shown in Figure 12, supported by energy-absorbing mounts. 
The electronics package has shock:-absorbing washers fit::.ed to the four lugs 
protruding from the mounting ring. The probe pack~ge is secured through tubes at 
the four corners of the box. The astromate connector and cable (coiled inside the 
reel) are seen in the figure beneath the electronics package. The nylon.cover on 
the electronics package, which serves to protect the thet~al control surfaces from 
lunar dust, is removed before final leveling and alignment of the instrument on 
the moon. 
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CONCLUSION 
An instrument of the type described in this paper was deployed on the 
lunar surfac.e as a part of the Apollo 15 mission. It will operate for a year 
at the Plain of Hadley near the east bank of Hadley Rille to provide the data 
that are required for the first subsurface determination of heat flow from the 
moon. Subsequent det~rminations will be implemented by instruments to be deployed 
on Apollo missions 16 and 17. 
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SYHBOLS 
A -1 ••• 6 platinum bridge constants determined by calibration 
B .....-1 ••• 6 platinum bridge constants determined by calibration 
c - constant 
<!!I~~ mean vertical temperature gradient 
G system gain 
!E bridge excitation current 
J heat flow 
k , ... ,.. thermal conductivity 
m mean value 
g point of constant input ratio 
N -1 ••• 4 digital numbers 
N' -1 ••• 4 N - 4096 
.Bo resistance at 0°C 
R -1 ••• 4 
Wheatstone bridge arm resistances 
!100 resistance at 100°C 
_gB total bridge resistance 
11: idealized output ratio 
!.r resistance at T°C 
T temperature in degrees Centigrade 
T 
-R reference-bridge temperature 
TC thermocouple 
u - digit resolution (2.4412 millivolts) 
+ v+ v ' - positive voltage -v • v negative voltage 
v 
-~ 
reference-bridge, excitation voltage 
v -o reference-bridge output voltage 
v -off 
error offset voltage referred to ampl:i.fier input 
_yE bridge excitation voltage 
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SYNBOLS (Continued) 
Y' ~ 
YL 
Y.o 
~T 
v· 
-X 
v 
--Y 
X ·-1 ••• 4 
z 
z 
a s 
a 
sensed bridge excitation voltage 
potential difference across 20-ohm resi~tance for current 1E 
bridge output voltage 
potential difference across 2-ohm resistance for current _!E 
voltage at connection point ~ 
voltage at connection point ~-
calibration constants for reference bridge 
vertical distance 
attenuation ratio yE/YE 
solar absorptance 
Van Dusen calibration constant 
Callendar calibration constant 
temperature difference in degrees Centigrade 
system error offset 
output-sense-line offset 
excitation-sense-line offset 
infrared emittance 
standard deviation 
